Understanding the influence of maternal exposures on gestational age and birth weight is essential given that pre-term and/or low birth weight infants are at risk for increased mortality and morbidity. We performed a retrospective analysis of a cohort exposed to polybrominated biphenyls (PBB) through accidental contamination of cattle feed and polychlorinated biphenyls (PCB) through residual contamination in the geographic region. Our study population consisted of 444 mothers and their 899 infants born between 1975 and 1997. Using restricted maximum likelihood estimation, no significant association was found between estimated maternal serum PBB at conception or enrollment PCB levels and gestational age or infant birth weight in unadjusted models or in models that adjusted for maternal age, smoking, parity, infant gender, and decade of birth. For enrollment maternal serum PBB, no association was observed for gestational age. However, a negative association with high levels of enrollment maternal serum PBB and birth weight was suggested. We also examined the birth weight and gestational age among offspring of women with the highest (10%) PBB or PCB exposure, and observed no significant association. Because brominated compounds are currently used in consumer products and therefore, are increasingly prevalent in the environment, additional research is needed to better understand the potential relationship between in utero exposure to brominated compounds and adverse health outcomes.
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INTRODUCTION
Infant gestational age and birth weight are reflective of developmental progression from the time of conception to birth, and also are associated with various health outcomes in later life. For those infants born pre-term or of low birth weight, there is a heightened risk of morbidities, including developmental disabilities and chronic conditions, and mortality (McCormick, 1985; Kramer et al., 2000; Kramer, 2003) . While the proportion of infants born of low birth weight in developed countries has declined (Kramer, 2003) , the overall number of pre-term births is on the rise in industrialized nations (Johnston et al., 2001) .
Maternal exposures during gestation can influence the structural and functional development of the fetus. A wide range of factors, including low maternal socioeconomic status, lack of prenatal care, and smoking, have been associated with infants born pre-term or of low birth weight (Kramer, 2003; Knackstedt et al., 2005) . Due to the heightened sensitivity of the fetal life stage, the fetus is extremely vulnerable to environmental challenges, whether endogenous to the mother, external biological agents, or synthetic compounds.
Brominated flame retardants are relatively ubiquitous in the environment. These halogenated organic compounds are supplemental agents in a variety of consumer products, including electronic appliances, automotive parts, furniture, textiles, and plastic foams, intended to reduce fire-related injuries and property damage (Birnbaum and Staskal, 2004) . Although these compounds have been recognized for their utility, the possible consequences for human health have been described in the scientific literature Landrigan et al., 1979; Meester, 1979; Rosenman et al., 1979; Silva et al., 1979; Stross et al., 1979; Valciukas et al., 1979; Wolff et al., 1979a; Wolff et al., 1979b; Bahn et al., 1980; Weil et al., 1981; Chanda et al., 1982; Kreiss et al., 1982; Eyster et al., 1983; Seagull, 1983; Jacobson et al., 1984; Lipson, 1987; Hoque et al., 1998; Blanck et al., 2000a; Blanck et al., 2000b; Sweeney et al., 2001; Blanck et al., 2002; Birnbaum and Staskal, 2004) . Moreover, production of these compounds has increased dramatically over the last 20 years, and there is an increasing prevalence of exposure to brominated flame retardants worldwide (Birnbaum and Staskal, 2004) .
Polybrominated biphenyls (PBB) constitute a class of compounds that were once marketed for use as a flame retardant. A mixture of persistent organic congeners with lipophilic properties (ATSDR, 2004) , PBB congeners are resistant to degradation and are stored in adipose tissue. In 1973, this halogenated organic mixture contaminated the food source of numerous Michigan communities due to an inadvertent replacement of a nutritional supplement, NutriMaster, with FireMaster in cattle feed.
The production of PBB ceased in 1979; however, the environmental and human health consequences of exposure are still being documented. Because PBB congeners added to consumer products are not covalently bound (ATSDR, 2004) , PBB congeners are continually released into the environment and have the potential to contaminate ecosystems years after their production has ceased. Exposure to PBB has been associated with adverse effects on the endocrine, immune and neurological systems Meester, 1979; Weil et al., 1981; Lipson, 1987; Hoque et al., 1998; Blanck et al., 2000a; Blanck et al., 2000b; Blanck et al., 2002) .
Polychlorinated biphenyls (PCB) are related halogenated organic compounds, comprised of over 200 congeners, once used as lubricants or coolants in electrical equipment. Not unlike the cessation of PBB production, manufacturing of PCB was also banned in North America and other industrialized countries in the 1970s (ATSDR, 2000) . The primary pathway of exposure to PCB in the general population is through the food chain, with the most noted being fish consumption. Fish consumed from the PCB-contaminated waters of the Great Lakes have been identified as a heightened source of dietary exposure (ATSDR, 2000) . The adverse human health outcomes associated with PCB exposure include dermal anomalies, endocrine disruption, neurobehavioral disorders, and an impaired immune system (for review see (Ross, 2004) ).
Several experimental animal studies indicate that PBB and PCB can cross the placental barrier (Eyster et al., 1983; Jacobson et al., 1984; Guvenius et al., 2003; ATSDR, 2004) and in utero PBB exposure results in reduced fetal birth weight and shortened gestational period (Corbett et al., 1975; Harris et al., 1978; Lambrecht et al., 1978; Aulerich and Ringer, 1979; McCormack et al., 1981) . Evidence from studies of related halogenated organics, such as PCB, and DDT (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane), suggests that in utero exposure to these agents is associated with infants born pre-term (Longnecker et al., 2001) and of low birth weight Baibergenova et al., 2003) . Thus, there is reason to believe that exposures to PBB in utero may adversely affect the developing infant. Given the temporal trends in premature births, the ubiquitous presence of halogenated organics, the present study examines the potential association between exposure to PBB and PCB in utero and infant birth weight and gestational age.
RESEARCH METHODS AND STUDY DESIGN Study Population
The contamination of the Michigan food chain with the fire retardant, FireMaster, exposed thousands of residents to PBB. In an effort to understand the consequences of this exposure, the Michigan Department of Community Health (MDCH), in collaboration with the U.S. Public Health Service, organized a prospective cohort study in 1976, which enrolled almost 4,000 men, women and children who had consumed contaminated food products. Information regarding the incident and the registry cohort has been previously described (Carter, 1976; Landrigan et al., 1979; Meester, 1979; Fries, 1985) . Follow-up interviews by telephone, termed the 1997 Michigan Female Health Study, were conducted from 1997 to 1998 with 1,185 women at least 18 years of age from the original cohort (Thomas et al., 2001; Kaiser et al., 2003) . Five hundred seventy eight of these participants were mothers who consented to release birth certificate information for their children. Of these women, 493 conceived and gave birth from 1973 to 1997 to infants who were potentially exposed in utero. A serum PBB measure was available for 450 of these mothers.
Electronic birth certificate information was obtained for 925 infants born to the 450 mothers. Twenty six infants were excluded due to the following: gestational age less than 28 weeks (n=1), congenital anomalies (n=3), twins (n=19, one stillborn), or race other than white (n=3). The final sample includes 899 infants and 444 mothers.
The Institutional Review Board at Emory University, Atlanta, GA, the Centers for Disease Control and Prevention, Atlanta, GA, and the Michigan Department of Community Health approved the protocols, and the participants gave informed consent.
Exposure Assessment
Serum PBB concentrations were measured at enrollment in the cohort (1976 -1978) and during follow-up (1978 -1993) . Quantitative analyses for PBB were carried out using gas chromatography with electron capture detection. The MCDH laboratories conducted all of the analyses. Quantification was based on FireMaster FF-1 at a limit of detection (LOD) of 1.0 part per billion. The main congener of FF-1 is 2,2′4,4′5,5′ hexa-bromobiphenyl (PBB-153). An estimate of maternal serum PBB concentration at the time of conception was extrapolated from PBB measurements taken at the date of enrollment with an exponential decay model developed for PBB (Blanck et al., 2000b) . The correlation between predicted and measured levels of PBB using this model was 0.92 (Blanck et al., 2000b) . Serum PCB concentrations were also measured from samples collected between 1976 and 1986. Quantification was based on Aroclor 1254, with a LOD of 5.0 ppb.
The coefficients of variation for PBB quantification ranged from 7.1 to 14.0%, and recovery ranged from 80 to 90% (Needham et al., 1981) . For PCB, the coefficients of variation ranged from 12 to 30%, and the average recovery was 82% (Burse et al., 1980; Needham et al., 1981) . Participants were not asked to fast prior to sample collection and serum lipids were not measured.
Assessment of birth weight, gestational age and covariates
Electronic birth certificate information was obtained for infants born to mothers enrolled in the Michigan PBB registry. Information from the birth certificates used in the current study included: infant birth weight, gestational age, year of the birth, paternal age at time of birth, maternal medical risk factors such as hypertension and diabetes, month prenatal care began, maternal level of education obtained, the race of the infant, and congenital anomalies.
The Michigan Female Health Study interview provided information on: smoking in the year prior to pregnancy, consumption of alcohol in the first trimester, parity, gravidity, multiple vs. singleton birth, as well as infant gestational age, infant birth date, and infant gender. For each infant, two variables were created, maternal age at time of birth and the diagnosis of thyroid disorder in the year of or prior to the pregnancy.
Gestational age was calculated based on the last menstrual period (LMP) taken from the electronic birth certificate file. If the day of the LMP was missing (n=77), the 15 th day of the month was assigned and the gestational age calculated based on this assigned LMP. If the entire LMP date was missing (n=19), the gestational age was taken from the Michigan Female Health Study interview unless the value was outside the range of 28 to 46 weeks (n=1) in which case gestational age was considered missing.
Statistical Analyses
Birth weight and gestational age were categorized for an initial assessment of statistical relationships between outcomes and covariates using a Chi-Square test. Categories for birth weight were ≤ 2,500 grams, > 2,500 to ≤ 3,800 grams, and > 3,800 grams based on the common clinical cut points defining low birth weight, average birth weight, and high birth weight. Categories for gestational age were defined as < 37 weeks, ≥ 37 weeks to 42 weeks, and ≥ 42 weeks in accordance with the clinical definitions for pre-term, term, and post-term. Weight for gestational age was defined based on percentiles of a standard distribution of birth weight by gestational age and sex for singleton births in the U. S. Weight for gestational age was categorized as: in the smallest 10% of infants in the standard distribution (small for gestational age, SGA), within 10% to < 90% of the standard distribution (average for gestational age, AGA), and larger than ≥ 90% of the infants in the standard distribution (large for gestational age, LGA) (Alexander et al., 1996) . Both birth weight and gestational age were approximately normally distributed and modeled as continuous variables using restricted maximum likelihood estimation (RMLE) accounting for the correlation among infants born to the same mother. Additional analyses used GEE for binary outcomes (PROC GENMOD) to model categories of gestational age (pre-term or post-term vs. term,), birth weight (low birth weight or high birth weight vs. average birth weight), and weight for gestational age (SGA or LGA vs. AGA).
Categories for maternal serum PBB at the time of conception were categorized as at or below the LOD and the median of the estimated serum PBB concentrations of those above the LOD for the remaining infants (≤ 1.0 ppb, > 1.0 to ≤ 3.38 ppb, > 3.38 ppb). Maternal serum PBB concentrations at the time of enrollment were categorized as at or below the LOD and the median value for PBB concentrations above the LOD (≤ 1.0 ppb, > 1.0 to ≤ 3.0 ppb, > 3.0 ppb). PBB exposure categories were also redefined to assess the top 10% exposure levels for both estimated PBB levels (≤ 1.0 ppb, > 1.0 to < 7.55 ppb, ≥ 7.55 ppb) and enrollment PBB levels (≤ 1.0 ppb, > 1.0 to < 14.0 ppb, ≥ 14.0 ppb). Maternal serum PCB levels at the time of enrollment were dichotomized as below the LOD and at or above the LOD for the quantitative analysis method used (5.0 ppb). PCB categories were also redefined to assess the top 10% exposure levels (< 5.0 ppb, ≥ 5.0 to < 11.0 ppb, ≥11.0 ppb).
Covariates considered as potential confounders included: paternal age, maternal age, smoking during the year prior to pregnancy, alcohol ingestion in the first trimester (yes vs. no), maternal education level (high school graduate or beyond), prenatal care (1 st trimester, 2 nd -3 rd trimesters, or none), gravidity (number of previous pregnancies − 0, 1, 2+) or parity (the number of previous live births − 0, 1, 2+), and gender of the infant. In addition, we examined potential confounding by maternal medical risk factors including diabetes, hypertension, or thyroid dysfunction. To assess potential confounding, the association between each covariate and the outcomes (birth weight or gestational age), as well as with the exposures, was examined using ANOVA (cut-off p < 0.1).
We used restricted maximum likelihood to account for the lack of independence among pregnancies for the same woman (PROC MIXED, SAS Version 9.0). An exchangeable correlation structure was chosen because it appeared both biologically plausible and consistent with observed correlations between pregnancies in this data. Robust variances were used to account for potential deviance from the assumptions made about the correlation structure. Interactions between the main exposures, maternal serum PBB or PCB levels, and infant gender or maternal smoking in the year prior to pregnancy were assessed. Covariates that were significantly associated with the outcome or that changed the effect estimates by more than 10% were retained in the final model. Statistical significance was determined using a Wald test yielding a p-value less than 0.05.
To assess the stability of estimated regression coefficients, the model was run with the full data set (n=899 infants) and also a truncated data set that retained only first births (n=444 infants). Models were assembled to account for the cluster-specific, random effects of individual mothers. The association between gestational age or birth weight and PBB was considered utilizing either estimated serum PBB levels at conception or serum PBB levels at enrollment. Regression models for birth weight were explored, both with and without adjustment for gestational age (as a continuous variable). Sensitivity analyses were also performed to consider potential deviations caused by estimating gestational age with combined information from the birth certificate and telephone interview versus the birth certificate file only.
We employed the same strategy to assess associations with categories of birth weight, gestational age, or weight for gestational age. Covariates included in these models (except models for low birth weight) were maternal age, parity, smoking in the year prior to pregnancy, infant gender and decade of birth. Because of the small number of low birth weight infants, only the main effect was included in the models.
RESULTS
This study included 899 infants born to 444 mothers. Table 1 shows the demographic characteristics and pregnancy-related history for this cohort. The average age of mothers at the time of birth was 26 years, ranging in years from 15 to 44. The age of fathers ranged from 16 to 54, with a mean age of 28 years. The majority of the mothers had completed a high school education (51.1%). Eighty one percent of the pregnancies for these women included prenatal care in the first trimester. First births represented only 30% of the infants born in this study.
Mothers reported smoking in the year prior to pregnancy for approximately 20% of the pregnancies, and drinking alcohol during the first trimester for 12% of the pregnancies. A small percentage of pregnancies had diagnoses of maternal hypertension (1.1%), diabetes (1.2%), or thyroid disorder (6.1%). The maximum enrollment maternal serum PBB level among the 444 women was 1490 ppb and 32% of the levels were at or below the limit of detection (1.0 ppb). The maximum estimated serum PBB levels at the time of conception was 1090 ppb and 56% were at or below the limit of detection (1.0 ppb). The maternal serum PCB levels at the time of enrollment ranged from below the limit of detection to 78.0 ppb, with 40% of the infants born to mothers whose PCB level was below the limit of detection (5.0 ppb). Fifty five percent of infants were male.
Gestational Age
Gestational age for the infants ranged from 29 to 46 weeks with a mean of 39.8 weeks (std. dev. = 2.0) (Figure 1 ). Four percent of these infants were born pre-term (< 37 weeks). Mean gestational age of infants did not differ by maternal PBB or PCB exposure levels (Table 1) . No significant differences were observed in the mean gestational age of infants in relation to paternal age, maternal age, parity, smoking status, education, or diagnoses of hypertension, diabetes, or thyroid disorders.
Birth Weight
The mean birth weight for infants was 3,551 grams (std. dev. = 533), ranging from 508 to 5,868 grams ( Figure 2) , and 3.3% of infants were low birth weight. Birth weight was significantly associated with maternal smoking, parity, gravidity, infant gestational age, gender, and maternal age in unadjusted analyses (Table 1) . Specifically, the mean infant birth weight was lower if the mother reported smoking in the year prior to pregnancy. The mean infant birth weight increased with a rise in maternal parity, gravidity or infant gestational age. The mean birth weight of female infants was significantly lower than the mean birth weight of males. The mean infant birth weight among infants differed according to maternal age at the time of birth. Finally, the mean infant birth weight was lowest among women with enrollment serum PBB levels above 3.0 ppb.
Regression Models
No significant association was found between estimated maternal serum PBB levels and gestational age in the models that adjusted for maternal age, smoking, parity, infant gender, and the decade of birth (Table 2) . Likewise, maternal serum PBB levels at the time of enrollment were not associated with infant gestational age. Maternal serum PCB levels also showed no relationship with infant gestational age (Table 2) . Women with missing PCB exposure data were compared to women with measured exposure levels, and no significant differences were found with regard to maternal characteristics (data not shown).
Neither estimated maternal serum PBB levels at the time of conception, enrollment serum PBB nor PCB levels at the time of enrollment were associated with infant birth weight in unadjusted models (data not shown). No consistent relationship was observed between PBB exposure and birth weight in analyses adjusting for maternal age, smoking, parity, infant gender, decade of birth, or gestational age (Table 2) . There was a suggestion of an association of high PBB exposure with lower birth weight but this association was only apparent for maternal enrollment PBB and not for estimated PBB at conception.
When maternal serum PBB levels were categorized to examine potential associations between the top 10% exposure levels and birth weight or gestational age, no relationship was observed for either estimated PBB levels at conception (birth weight β = 27.25 C.I. (−110.05, 164.55) and gestational age β = 0.224 C.I. (−0.295, 0.743)) or PBB levels at the time of enrollment (birth weight β = 115.69 C.I. (−33.35, 264.73 ) and gestational age β = 0.206 C.I. (−0.324, 0.735)), after adjusting for the aforementioned covariates.
Finally, we evaluated a potential relationship between PBB or PCB and the tails of the outcome distributions using GEE models. Again, no significant relationship was observed between PBB or PCB exposure and gestational age, birth weight, or weight for gestational age (Table 3 ).
DISCUSSION
Halogenated organic compounds have been associated with risk of preterm birth or low birth weight in several epidemiological studies Longnecker et al., 2001; Baibergenova et al., 2003) as well as in animal models (Corbett et al., 1975; Harris et al., 1978; Lambrecht et al., 1978; Aulerich and Ringer, 1979; McCormack et al., 1981; Faroon et al., 2001) . Other studies have found no relationship between maternal exposure to halogenated organics and birth weight or gestational age (Longnecker et al., 2005; Khanjani and Sim, 2006) . We did not observe a consistent association between maternal exposure to PBB and infant birth weight or gestational age in this cohort. Though there was a significant, negative relationship between a high level of maternal enrollment PBB and infant birth weight, this result was not supported by analyses using estimated maternal PBB at conception, with subsequent analyses of the highest 10% of those exposed, nor in GEE models to assess the tails of the outcome distributions. Thus, the association noted between maternal enrollment PBB and infant birth weight could be due to chance. Moreover, our findings of no association were similar when we limited our analyses to firstborn infants, and when we accounted for the random effect of mothers. Therefore, our findings suggest no association between maternal exposure to PCB or PBB during the gestational period and infant birth weight or gestational age.
Although substantial information regarding risk factors was available, not all potential risk factors could be addressed due to the fact that this was a retrospective analysis. For example, no reliable data was available regarding maternal characteristics such as pre-pregnancy BMI, socioeconomic status at the time of each pregnancy, or additional exposures such as bacterial vaginosis, other infections during pregnancy, or stress. There was also limited data available for smoking during pregnancy, which could be a potential source of bias. However, we found no association between smoking in the year prior to pregnancy and PBB or PCB exposure. Thus, smoking status is unlikely to be a confounder unless unexposed women were more likely than exposed women to quit smoking. Finally, it is difficult to assess how well the results of the present study can be generalized, as the majority of this cohort was white and well educated.
Utilizing gestational age as an outcome variable has certain limitations (Kramer et al., 1988) This is largely because gestational age is calculated from a mother's recollection of the date of her last menstrual period (LMP). A measurement of gestational age that is obtained using ultrasound technology during the first trimester, comparing fetal development to a standardized, graded scale is considered the gold standard (Kramer, 2003) . Though we had access to two sources (mother's recall and electronic birth certificate data), which were significantly correlated (R = 0.58, p < 0.01), neither of these sources employed ultrasound technology to obtain the estimated gestational age, therefore some misclassification of this outcome is likely. However, there were a few infants (n=16) with gestational ages calculated from the LMP provided by the birth certificate file that were outside the range of biological plausibility for a viable birth in which case the mother's recall of gestational length was more plausible.
The potential relationships between exposures to halogenated organic compounds during gestational development and infant health outcomes addressed herein are extremely relevant given the temporal trends in the U.S. over the last 30 years suggesting increased exposure to polybrominated diphenyl ethers (PBDE) through detection of congeners in human blood and breast milk (Schecter et al., 2005) . Because the Michigan Long Term PBB Study has been prospectively collecting detailed information on cohort participants for over 30 years, this cohort provides an excellent opportunity to examine this relationship. A strength of this study is that two sources of information were available for infant gestational age, self-reported by the mother and from the birth certificate file. A considerable amount of information regarding lifestyle and health outcomes has also been obtained through telephone interviews with these women. Moreover, medical records were obtained for many of the pregnancies in this cohort, making it possible to verify medical complications, though reported conditions were rare. Birth certificate files also provide an objective and reliable source for birth weight.
Our findings do not indicate a significant association between infant gestational age or birth weight and maternal exposure to PBB or PCB. These findings add to the conflicting reports of associations for halogenated compounds and infant health outcomes. As previously proposed, it is quite plausible that the inconsistent relationships between such gestational exposures and infant health outcomes reported to date can be attributed to the diverse and complex mixtures of halogenated organic compounds considered as exposures, uncontrolled confounding, or perhaps a threshold effect on infant health outcomes (Sagiv et al., 2006 ) . Although not directly comparable due to the biological matrices assessed, the analytical method of quantification, and mixture of congeners, the PCB exposure levels in this cohort were on the lower end of the exposure spectrum in relation to PCB levels evaluated among other study populations (Longnecker et al., 2003) . However, this cohort study provides a unique opportunity to specifically address maternal PBB exposure levels and gestational age or birth weight. Thus, there exists a continued need for surveillance and additional research studies to address the complexities of such compounds and potential health effects, particularly among the most highly exposed. Characteristics of Parents and Infants According to Outcomes in the Michigan PBB Registry (1975 -1997 . 
